Ultrasound processing of metal alloys is an environmental friendly and promising green technology for liquid metal degassing and microstructural refinement. However many fundamental issues in this field are still not fully understood, because of the difficulties in direct observation of the dynamic behaviours caused by ultrasound inside liquid metal and semisolid metals during the solidification processes. In this paper, we report a systematic study using the ultrafast synchrotron X-ray imaging (up to 271,554 frame per second) technique available at the Advanced Photon Source, USA and Diamond Light Source, UK to investigate the dynamic interactions between the ultrasonic bubbles/acoustic flow and the solidifying phases in a Bi-8%Zn alloy. The experimental results were complimented by numerical modelling. The chaotic bubble implosion and dynamic bubble oscillations were revealed in-situ for the first time in liquid metal and semisolid metal. The fragmentation of the solidifying Zn phases and breaking up of the liquid-solid interface by ultrasonic bubbles and enhanced acoustic flow were clearly demonstrated and agreed very well with the theoretical calculations. The research provides unambiguous experimental evidence and robust theoretical interpretation in elucidating the dominant mechanisms of microstructure fragmentation and refinement in solidification under ultrasound.
Introduction
Applying ultrasonic waves in a liquid medium creates an alternating acoustic pressure field [1, 2] . When the pressure is above a certain threshold, ultrasonic bubbles and acoustic streaming flow are produced in the liquid. The ultrasonic bubbles vibrate according to the alternating pressure, grow, coalesce and finally collapse, creating local shock waves with high pressure and temperature in the nearby region. This is commonly known as ultrasonic cavitation [3e11] . These are highly dynamic nonlinear phenomena and when they occur in liquid metal, especially during the solidification processes, the heat/mass transfer, fluid flow and ultimately the microstructures of the solidifying metal are affected [12e18] . Previous investigations on the ultrasonic treatment (UST) of metallic alloys have shown that refined, equiaxed grain structures can be produced, thereby, improving the mechanical properties such as yield strength and fracture toughness [3, 12, 17, 19] . Furthermore, the soundness of castings can also be enhanced by UST due to a reduction in shrinkage, hot tearing, and more uniform distribution of the refined secondary phases and/or reduced micropores [20, 21] . However, the exact mechanisms of how ultrasonic bubbles and acoustic flow interact with the solidifying phases, especially the highly dynamic phenomena occurring at the liquid-solid (L-S) interface have not been fully understood. This is mainly due to the opaqueness of liquid metals, which prevents direct real-time observation of the dynamic interactions between the ultrasonic waves, bubbles, acoustic flow at the L-S interface. Previous studies have used water or water-based solutions [7, 22] , as well as organic transparent alloys [8, 11, 23] , to mimic liquid metal alloys in order to study the effects of ultrasonic bubbles and streaming flow during solidification under visible light illumination. For example, by using camphene [11] , sucrose solutions [7, 24] , and succinonitrile-1% camphor solution [8] , it was found that growing dendrites were fractured by the oscillating bubbles or shock waves generated at bubble implosion. These investigations provide valuable visual data for understanding the effects of UST.
Nevertheless, organic transparent alloys and solutions are different from liquid metal alloys in terms of density, viscosity, surface tension, heat/mass transfer coefficient and sound velocity. For example, the density of succinonitrile-1% camphor (an organic alloy) is 0.97 g/cm 3 , less than one third of Al alloys (~2.7 g/cm 3 );
while the thermal diffusivity (1.16 Â 10 À7 m 2 /s [8] ) is 726 times less than pure aluminium (8.418 Â 10 À5 m 2 /s [25] ). These differences in physical properties make it inappropriate to simply apply the findings from organic alloy systems to metallic systems. In addition, during metal solidification, the viscosity, surface tension, sound velocity and fraction of the liquid and solid phases are governed predominantly by changes in temperature [26, 27] . The resulting ultrasonic bubbles and acoustic flow are also very sensitive to the thermophysical properties of the different media and temperatures. Therefore, it is essential to study in real-time the ultrasonic bubbles and acoustic flow in liquid and solidifying metal to understand fully how ultrasonic bubbles and acoustic flow interact with the liquid metal, the solidifying phases and the L-S interface. X-rays have been used to "see" and investigate the internal structures of metals and other opaque materials for over a century [6,28e32] . Since the mid-1990s, the development of the 3rd generation synchrotron X-ray facilities around the world has made high brilliance X-rays and the relevant instruments available for materials scientists to study in-situ the dynamics of metal solidification [29e33]. The European Synchrotron Radiation Facility (ESRF) in Grenoble was the first of the 3rd generation hard X-ray sources (6-GeV storage ring) to operate in 1994. The ERSF was followed by the Advanced Photon Source (APS) at Argonne National Laboratory (7 GeV) USA in late 1996, and SPring-8 (8 GeV) in Harima Science Garden City in Hyogo prefecture, west of Osaka, Japan in late 1997 [34] . In the early 21st century, a number of medium energy sources have become operational, including the Diamond Light Source (DLS, 3 GeV), UK in October 2007. Mathiesen et al.
[29e31] was among the first to study in-situ the cellular and dendritic growth of Sn-Pb alloys at Beamline ID22 of ESRF. The dynamics of quasi-steady ultrasonic bubbles in a liquid Sn-Bi alloy was first studied by Lee et al. [35] using ultrafast synchrotron X-ray imaging (4526 fps) at the sector 32-ID-B of APS. Ultrasonic bubbles in liquid Al-Cu alloy were studied by Huang et al. [6] at Shanghai Synchrotron Radiation Facility. However, the 2 fps image acquisition rate used in [6] was too low to reveal the dynamic phenomena of ultrasonic bubbles and acoustic flow.
Since 2011, the researchers in Mi's group have carried out extensive studies on the dynamics of ultrasonic bubbles and acoustic flow in liquid metals and their effects on the solidification microstructures using the ultrafast synchrotron X-ray imaging facility (up to 271,554 fps) available at the sector 32-ID-B of APS. The preliminary results were reported in Ref. [36] .
In this paper, we further report the very recent results of systematic real-time studies of the interactions between ultrasonic bubbles/acoustic flow and the solidifying phases of a Bi-8 wt%Zn alloy. The focus of the experimental research is to obtain real-time and visual information for ultrasonic processing of metal alloy melt during the solidification process, and to elucidate the fragmentation mechanism of the solidifying phases by bubble implosion and oscillation; and the break-up of the L-S interface by acoustic flow. The Gilmore model [37] was used to calculate the pressure and velocity at the bubble wall. The data and new findings from the experiments and simulation allow us to explain clearly the underlying mechanisms of how solidifying phases were fractured and redistributed in the solidifying melt, which is the most dominant mechanism for structure refinement during the different stages of the solidification process.
Experiment

Alloy, experimental apparatus and setup
A Bi-8 wt% Zn alloy, made by melting high-purity Bi (99.999%) and Zn (99.99%) rods, was chosen as the alloy in this research because of its low melting temperature (liquidus temperature of 341 C, and solidus temperature of 254.5 C [36] ), and the adequate X-ray absorption contrast between the Bi matrix and the Zn phase. Table 1 lists the alloy properties at 427 C, the temperature where the bubble implosion were imaged. Fig. 1 shows a CAD rendering of the experimental setup at the 32-ID-B of APS [36] . The sample holder was made from a quartz tube with a flat thin channel region (15 Â 10 Â 0.30 mm) in the middle that can be filled with~300 mm thick liquid metal. The thickness was tested and optimised by previous experiments [36] to obtain sufficient X-ray transmission through the liquid metal and to have enough space for ultrasonic bubbles (generated from the sonotrode tip positioned at~0.25 mm above the thin channel) to flow through freely. Bi-8% Zn alloy cast rods (Ø9 Â 30 mm) were used as the feedstock alloy and melted by using a purposely-made furnace that enclosed the quartz sample holder. A slot (5 mm wide and 30 mm long) was opened in the furnace front and back plates, allowing the X-ray beam to pass onto the thin channel area and projecting the transmitted X-ray onto the scintillator. The dimensions of the sample holder and quartz tube, and the description of the furnace are detailed in [36] . A brass rod (Ø9 Â 15 mm) was used as a heat sink at the bottom of the sample holder to generate the required thermal gradient along the z-direction (as described later). Three K-type thermocouples marked as TC1, TC2, and TC3 in Fig. 1 were positioned at the top, middle and bottom of the channel, respectively, to monitor and record the temperatures of the alloy during melting and cooling operations. Both TC1 and TC2 were 250 mm in diameter while TC3 was 500 mm in diameter and the distance between the neighbouring thermocouple was~4.5 mm.
A Hielscher UP100H ultrasound processor (100 W, 30 kHz), together with a MS2 sonotrode (made of Ti-alloy with a tip diameter of Ø2, 74 mm long) were used to generate ultrasonic waves inside the liquid metal. The ultrasound power was adjustable from 20 W to 100 W with a step of 20 W. The actual vibration amplitudes of the sonotrode tip at the ultrasound powers of 20, 60 and 100 W were measured by using a Phantom™ V7.3 high speed camera, and were used to calculate [3] the corresponding ultrasound intensities as shown in Table 1 (details in Ref. [38] ). The ultrasound processor Table 1 The properties of the Bi-8% Zn alloy, the quartz sample holder, and the ultrasound parameters used in the experiments and the Gilmore model [37] .
Material
Bi was mounted on a precision linear stage where the height could be adjusted independently to the quartz tube, facilitating X-ray imaging either on the tip of the sonotrode or in the regions of interest within the thin channel. A custom-made relay trigger device was used to precisely control the application of ultrasound into the melt and the synchronisation with the high speed camera for imaging.
Beamlines and X-ray parameters
The synchrotron X-ray imaging experiments were conducted at Sector 32-ID-B of APS, and Beamline I12 of DLS. Sector 32-ID-B is a dedicated undulator X-ray source designed to fully utilise the 500 ns X-ray pulse by synchronizing the X-ray pulse from the storage ring with the ultrafast shutter and the camera on the beamline, delivering an ultrafast image acquisition rate of up to 271,554 fps with a spatial resolution of 1 mm/pixel in a field of view of 1 Â 1 mm.
Synchronisation ensured that images were taken within the 500 ns exposure time, providing an image temporal resolution of~500 ns regardless of the image acquisition rate. In this study, white beam was used and the undulator gap was set at 18 mm, allowing most of the white beam intensity to be located within the first harmonic around 7.7 keV, with a peak irradiance of 3.4 Â 10 14 ph/s/mm 2 /0.1% bw, and a natural bandwidth of 0.4 keV full-width at halfmaximum. In the image sequences reported in this paper, acquisition rates of 135,780 and 5413 fps were used and the image sequences were recorded using a CMOS camera (Photron FASTCAM SA1.1) coupled to a scintillator (LYSO:Ce) with a 10 Â optical microscope objective lens and a mirror set at 45 . The sample-todetector distance was 980 mm.
The Beamline I12 at DLS provides synchrotron X-ray with a peak flux of 10 12 ph/s/mm 2 /0.1%bw and is a dedicated high energy instrument on a 4.2 T wiggler source, offering white or monochromatic X-ray beams in the range 50e150 keV. Filtered white beam was used to produce the highest possible flux without causing damage to the sample and detector. Experiments at DLS used the similar setup as showed in Fig. 1 , except that the imaging system was a Vision Research Phantom™ 7.3 high speed camera, coupled to a scintillator via a 1.8 Â objective lens and two 90 turning mirrors. Image acquisition rates used were 1000 and 1500 fps with a 700 mm thick Lutetium Aluminium Garnet detector doped with Cerium (LuAG:Ce). The sample-to-detector distance was 900 mm. At Beamline I12, a view field of 6.6 Â 5.4 mm with a spatial resolution of 12.2 mm/pixel was adopted as compared to the 1 Â 1 mm with a spatial resolution of 1 mm/pixel at Sector 32-ID-B.
The wider field of view on Beamline I12 is therefore suitable for studying the interactions between ultrasonic bubbles/acoustic flow and the L-S interface/semisolid phases; while Sector 32-ID-B provided higher temporal and spatial resolution to better resolve the dynamics of the bubble implosions/oscillations.
Temperature control during solidification
The desired temperature gradient along the z-direction (Figs. 1 and 2) within the thin channel was controlled by adjusting the zdirection position of the quartz tube relative to the heaters in the furnace and with the use of the brass rod heat sink below the thin channel. By imposing a suitable temperature gradient, a clear liquid-to-solid transition zone was created in the middle of the thin channel, e.g., at the location between TC2 and TC3 as shown later in Fig. 3 , allowing the evolution of the L-S interface to be studied insitu when ultrasonic bubbles and the acoustic flow are present in the view field.
The feedstock alloy was heated up over 450 C and then held at 427 C (TC1) for at least 1500 s to ensure the alloy was fully melted A purposely-made quartz tube with a thin channel of 0.3 mm thick (bottom left) was used to contain the liquid metal where X-ray images were taken. The sonotrode tip was positioned 0.25 mm above the thin channel; three K-type thermocouples (TC1, TC2, and TC3) were positioned at the top, middle and bottom of the thin channel to measure the temperatures of the liquid metal during the solidification. and completely filled in the thin channel of the sample holder. The liquid metal in the thin channel was then cooled at a rate of~0.2 C/ s with a temperature gradient of~5.2 C/mm between TC1 and TC3. Fig. 2 shows the typical temperature profiles used during the controlled cooling process to form a clear L-S solidification front between TC2 and TC3; the figure inset shows sudden temperature jump in a couple of seconds during image acquisition due to the application of ultrasound. Nevertheless, this relatively small temperature jump during image acquisition gave negligible effects on the solidifying microstructures since the heat was quickly dissipated and the temperature was back to the target temperature.
Owing to the heating effect from the X-ray white beam at the Beamline I12 (0.028 W/mm 2 for Bi-8% Zn) [39] , it was noticed that the temperature had a jump of <1 C at TC2 and TC3 when the X-ray shutter was opened. In order to investigate potential effects on the solidification of alloy, an experiment without ultrasound was conducted under the same cooling rate as in Fig. 2 (~0.2 C/s). Fig. 3 shows measured temperature profiles with applied white beam, insets are real-time L-S interface images subjected to 0 and 600 s illumination of the white beam. The white solid particles are the primary Zn phase. The two images are identical, indicating that there was no obvious influence from the heating of the white beam. Thus, the beam illumination effect was neglected in this research.
To capture the L-S interface, the temperatures at TC2 and TC3 were fixed at~274 C and~245 C, respectively. The temperature gradient between TC2 and TC 3 is~6.4 C/mm and this temperature gradient allowed a clear L-S solidification front to be formed between TC2 and TC3.
Results and discussion
Ultrasonic bubble oscillation and implosion
Fig . 4 shows the evolution (the changes of bubble radius with the alternating acoustic pressure) of a single bubble immediately below the sonotrode tip inside the Bi-8% Zn alloy at 427 C. The ultrasonic intensity applied was 276 W/mm 2 (equivalent to an ultrasound power of 20 W) and the maximum acoustic pressure immediately below the sonotrode tip, i.e. 0.02 mm below, was calculated as 14.5 MPa by using the Helmholtz equation (see Fig. 1 in Ref. [38] ). The X-ray images were captured using an acquisition speed of 135,780 fps at the Sector 32-ID-B (the maximum image acquisition rate of 271,554 fps gives too small view field to accommodate sufficient number of bubbles in the view field). A bubble was seen in Fig. 4a-2 with a radius of~8 mm and expanded tõ 23 mm in Fig. 4a-3 when the sonotrode tip moved up (the rarefaction part of the acoustic cycle). Bubble implosion occurred after the sonotrode started to move down (the compression part of the acoustic cycle), resulting in a blurred-and-misty circular region ( Fig. 4a-5 ) with the release of high pressure shock wave to the surrounding liquid [36] . The imploded bubble produced many tiny bubbles or bubble fragments. Those with the size of <1 mm are too small to be seen in Fig. 4a-6 due to the spatial resolution limit of the X-ray imaging technique. However, Tan [39] has reported in his PhD thesis (in Chapter 4) many cases in water (when 271,554 fps was used) where bubble fragments of a few micrometres were observed after bubble implosion. These bubble residuals or fragments acted as nuclei for the next cycle of bubble nucleation, expansion and implosion. Many similar observations and recordings were made during the ultrafast synchrotron X-ray imaging experiments at APS. These evidences clearly indicate that, in the region below and near the sonotrode tip where acoustic pressure is sufficiently high, the whole life cycle of bubble nucleation, expansion and implosion can be completed in just one ultrasound period, i.e. 33.3 ms in this case.
The bubble fragments created at bubble implosion is the overwhelming resource of the bubble nuclei for the next ultrasound period. Each implosion creates many more bubble nuclei for the next period. Such multiplication effect or chain-reaction nature are the dominant phenomenon at the region near the sonotrode tip. When the region was fully developed, an ultrasound cavitation zone was created in the liquid in which many different size bubbles oscillated very quickly and energetically, accompanied by many instances of chaotic and violent implosions of some bubbles when their diameters reach the critical threshold in the alternating acoustic pressure field. Moving downward from the sonotrode tip surface, the acoustic pressure in the liquid metal attenuates exponentially [40] , and the dynamic behaviours of ultrasonic bubbles changed accordingly as discussed below.
3.2. Detachment of the solid phases from the L-S interface by oscillating bubbles and acoustic flow Fig. 5a is a sequence of X-ray images captured at Beamline I12 using 1500 fps, showing the cyclic impact and pounding of one oscillating bubble at the L-S interface in the Bi-8% Zn alloy. The images were taken~5.5 mm below the sonotrode with an ultrasound intensity of 926 W/mm 2 . It is clearly demonstrated that the bubble was pulsating cyclically at the L-S interface, pounding and knocking off the primary Zn particles, and gradually eroding into the solid phase. Fig. 5b and c shows the pressure and velocity profiles at the bubble wall calculated by the Gilmore model based on the bubble conditions in Fig. 5a . In addition to the pressure profiles in the steady state oscillating condition, the pressure profiles of the bubble in subharmonic oscillations were also included as highlighted in Fig. 5b , where the peak pressure values varied [41] . Fig. 5b shows that the maximum bubble wall pressure is 20 MPa with the maximum velocity of~20 m/s. While the mean pressure and velocity are 7.5 MPa and 12.5 m/s, respectively.
These are significant periodic pressure and momentum conditions imposed on the surrounding liquid or solid phases (if there are any) in the viscous melt. The detached Zn particles survived and moved upwards by the ultrasound-enhanced acoustic flow back into the bulk liquid. Clearly, the erosion of the L-S interface is due to the combined effects of cyclic pounding of the bubble and flush of the acoustic flow onto the L-S interface.
To quantify and differentiate the contributions on the detachment of the solid phases from the L-S interface by the ultrasonic bubble and acoustic flow, Fig. 5d plots the increase in area of the liquid phase (E a ) and the bubble depth (E d ) as function of time in Fig. 3 . The temperature profiles recorded during the cooling processes of the Bi-8% Zn alloy. The insets show the X-ray images of the L-S interface before and after continuously exposed to the X-ray beam for 600 s at Beamline I12. The white solid particles are the primary Zn phases. the view field by using the L-S interface in Fig. 5a as the reference. It is interesting to see that both E a and E d increased linearly with time, and the rate of erosion can be determined from the slopes of the two linear regression fitting lines. They are 0.44 mm 2 /s and 0.20 mm/s for E a and E d , respectively. Apparently, the oscillating bubble is leading the erosion and phase detachment at the L-S interface.
Fragmentation of a Zn phase by oscillating bubbles
To further investigate the interactions of oscillating bubbles with the surrounding solidifying phases during ultrasound treatment (UST), we designed a special bubble trap and inserted it inside the thin channel area of the quartz sample holder as shown in Fig. 6a . It was made of a polished Al-20% Cu thin plate of~250 mm thick with slots of different widths and depths separated by the 'fingers' of 250 mm wide. The slots were machined by electrical discharge machining and used for trapping the ultrasonic bubbles at different distances below the sonotrode tip (Fig. 6a) . This arrangement allowed us to be able to nucleate and grow solid phases (Zn phases in this case and the primary Zn phases in a Bi-8% Zn alloy grew into needle-shaped phases [38] ) from the tip of the 'fingers' (because it is a chilled and solid base in the solidification temperature range of the Bi-8% Zn alloy); and also to have higher probability to capture the incoming ultrasonic bubbles at the 'fingers' tip region. Using such arrangement, we were able to successfully capture the pulsating of a single ultrasonic bubble at a growing needle-shaped Zn phase as demonstrated in Fig. 6b-1 to b-6 . In the experiment, the sonotrode tip was located 5 mm above the tip of the 'finger', and a single needle-shaped Zn phase of~200 mm long (Fig. 6b-1 ) was observed to grow from the tip of the 'finger' in the view field. When an ultrasound of 926 W/mm 2 was applied from above, a single bubble, together with the acoustic flow, was observed to move down and reach at the L-S interface, pulsating on the right-hand side of the long Zn phase (Fig. 6b-2) . The bubble kept pulsating on the tip of the Zn phase (Fig. 6b-3 and b-4) and finally passed through the Zn phase at 113.3 ms as showed in Fig. 6b-5 . From the instant when the bubble landed onto the Zn phase (3.3 ms in Fig. 6b-2 ) to the moment it passed the Zn phase (113.3 ms in Fig. 6b-5 ), the bubble was seen pulsating energetically and cyclically on top of the long Zn phase for 110 ms, equivalent to~3330 ultrasound wave period. After an extra~14.7 ms, the long Zn solid particle was seen clearly fractured and the fragment was washed away together with the bubble by the acoustic flow, leaving ã 60 mm long residual part still embedded in the solid phase below the L-S interface (Fig. 6b-6 ).
To further elucidate the fragmentation mechanism of the Zn phase, we again used the Gilmore model to calculate the pressure and velocity profiles at the bubble wall for this specific bubble showed in Fig. 6b , and the results are shown in Fig. 6c . The maximum bubble wall pressure (the pressure amplitude) was 40 MPa. By excluding the low pressures (the small pressure values in each wave period) from the subharmonic oscillation behaviour [41] , the majority of the pressure amplitude due to bubble oscillation was in the range of 20e30 MPa (Fig. 6c-1 ). While the maximum velocity (velocity amplitude) was calculated as~±30 m/s as shown in Fig. 6c-2 .
To understand more quantitatively whether such cyclic pressure and momentum are the dominant cause for fracturing the Zn phase or not, we calculated the fatigue strength and fatigue life of the Zn phase at 270 C. Because of the lack of fatigue strength data for pure zinc in the open literature, we used the very rich experimental data found for a commercial Zn-4% Al alloy for the analyses. Generally, the fatigue strength and fatigue life of alloys can be calculated by Basquin's Law [42] :
where, S is the cyclic stress amplitude; N is the number of cycles to failure; C and k are material constants at a given temperature. Applying logarithm operation on both sides, we obtain:
Thus, (log N) versus (log S) follows a linear relationship with constant k as the slope and an interception at log C. Sawalha [43] investigated the fatigue behaviour of a Zn-4% Al alloy at 20, 50 and 100 C. The measured fatigue experimental data were used to determine the material constants at each temperature. As the lowcycle fatigue mechanism is different from that of the high-cycle fatigue [44] , three data points below 90 MPa, i.e. high-cycle fatigue with N > 10 5 cycles in Ref. [43] were selected at each temperature to fit into Eq. (2) (see Fig. 3 in Ref. [38] ). The fitted curves are showed in Fig. 7a and b, corresponding data are shown in Table 2 . Clearly, both log C and k exhibit a power law relationship with temperature. Hence, log C and k at 270 C was determined as 5.11 and 1.10, respectively, by extrapolating the fitting curves in Fig. 7a and b over 270 C. Using the material constants in Table 2 , the S-N curves for the Zn-4%Al alloy at different temperatures were calculated using Eq.
(1) and shown in Fig. 7c . The fatigue lives of the Zn-4% Al at 270 C in the stress level of 20e30 MPa were between 4737 and 3027 fatigue cycles; and at~25 MPa, the fatigue life was 3700 cycles as highlighted in Fig. 7c. While, Fig. 6b-6 shows clearly that the Zn phase was completely broken after 124 ms, equivalent to 3720 ultrasound wave periods. Furthermore, Fig. 6c-1 shows that the pressure amplitude caused by the oscillating bubbles is mainly in the range of 20e30 MPa. Such an excellent agreement between the experimental observation of the fragmentation of Zn phase in this research and the theoretical analyses for the fatigue lives of the Zn-4% Al alloy (the closest alloy in composition to pure Zn with reported high temperature fatigue data) indicates that the fatigue effect from the oscillating bubble is the dominant factor in breaking the Zn phase. Similar fatigue-type fragmentation of primary intermetallic phases in Al alloys under ultrasound processing in water has been recently reported by Wang et al. [45] . Of course, the momentum of the acoustic flow also plays a minor role in this case as more evidence presented in the next section for the erosion effect from the acoustic flow.
Break-up of the L-S interface by acoustic flow
To further investigate the effect of acoustic flow on the L-S interface, systematic experiments and image sequences were taken at a deeper area in the thin channel where ultrasonic bubbles were hardly seen in the experiments. Fig. 8 shows the evolutions of the L-S interface under different ultrasound intensities for 2 s for each case. The arrows show the direction of acoustic flow, obtained by tracking the trajectory of the Zn phases flowed with the acoustic flow in the bulk liquid. The fluid flow pattern was found relatively symmetric to the centre of the sonotrode, clockwise on the left and anti-clockwise on the right. Fig. 3 already shows that, without ultrasound (0 W/mm 2 ), no detachment of solid Zn phase was found at the L-S interface. Fig. 8a indicates that, when an ultrasound of 276 W/mm 2 was applied for 2 s, a very weak acoustic flow was observed, and the L-S interface region remained almost unchanged in 2 s, with just a few 'loose' particles on the L-S interface (marked by white circle) were detached and washed away by the flow. When the intensity was increased to 926 W/mm 2 in Fig. 8b , a strong acoustic flow was observed, causing a 'cleavage' into the solid phase at 150 ms. Then a big piece of the solid Zn phase was broken up and gradually washed away after 280 ms by the flow. The initial relatively flat L-S interface changed significantly, as indicated by the dashed lines. When 1839 W/mm 2 was used, Fig. 8c shows that the L-S interface was quickly broken up by the very strong swirling flow, and completely disappeared from the view field in 1286 ms. It is also important to note that in all cases, the detached solid particles were observed to flow back to the hotter liquid region, carried by the acoustic flow, and survived for a substantial period of time.
The percentage of the detached solid phases in the view field showed in Fig. 8a-c were analysed using a self-coded script in Matlab (see Appendix A in Ref. [38] ) and plotted as function of time as shown in Fig. 8d . In addition, the velocities of Zn particles moving were calculated from the travel distance between two adjacent images. Note that particle velocity may underestimate the speed of the liquid acoustic flow due to gravity inertia. Fig. 8e shows the final percentages of the detached solid phases (after 2 s of UST), and the maximum velocity of Zn particles in the acoustic flow. Using 276 W/mm 2 , the maximum particle velocity was <0.2 m/s causing just a few detachment of Zn particles from the interface (<2%). While with 926 W/mm 2 , the maximum particle velocity was~0.65 m/s, and there was a rapid period of particles detachment from 0 to 50 ms, then the erosion slowed down and stabilised after 500 ms,~25% of the viewed solid phases were eroded away in 2 s. When the intensity was increased to 1839 W/ mm 2 , the maximum particle velocity reached~0.95 m/s, and over 80% of the solid phases in the view field were eroded away in 250 ms. The L-S interface was completely destroyed and disappeared after 1286 ms. It needs to be emphasised that the actual velocity of the acoustic flow for each case should be slightly higher than the particle velocity measured. In addition, the velocities of the acoustic flows observed in the semi-solid state in this research are generally higher than those reported in water [46] and organic transparent alloys [2] . The reason is that the alloy used, i.e. Bi-8% Zn, has much higher density and velocity of sound than those of water and organic transparent alloys. Hence more ultrasound energy was generated in the Bi-8% Zn with the same ultrasound input power to produce higher velocity of particle and acoustic flow.
The dominant mechanisms for microstructure fragmentation and refinement
We analysed hundreds of the real-time X-ray image sequences obtained from APS and DLS at different locations below the sonotrode tip with different ultrasound intensities applied. In summary, in the semi-solid metal melt, (Bi-8% Zn alloy in this research), the application of an ultrasonic wave can produce a chaotic cavitation zone and enhanced acoustic flow. In the region near the sonotrode, higher acoustic pressure produces a cavitation zone within which ultrasonic bubbles oscillate in phase with the alternating acoustic pressure field and move very quickly at the speed of 1e2 m/s. Chaotic bubble implosions are the dominant phenomena in the cavitation zone. The typical example is the case showed in Fig. 4a where a single bubble imploded in just one ultrasound cycle. In this region, the imploded bubbles and the high speed acoustic flow are very efficient in breaking up the solidifying phases and the L-S interface. More importantly, the imploded bubbles generate many bubble fragments which act as bubble nuclei for the next cycle of bubble evolutions.
Moving away from the sonotrode tip, the ultrasound intensity attenuates exponentially, ultrasonic bubbles may not implode instantly, but survive many tens or even thousands of ultrasound cycles and reach a quasi-steady state condition. In this region, the cyclic fatigue effect caused by the oscillating bubbles and the momentum of the acoustic flow (normally with a speed in the range of 0.5e0.6 m/s as showed in Fig. 8e ) are the dominant mechanisms in fragmenting the solidifying phases and breaking up the bulk solid phases at the liquid-solid interface into smaller parts. Of course, the effectiveness of such fragmentation is also dependent on the ultrasound intensity as illustrated in Fig. 8d . In addition, the acoustic enhanced flow has another beneficial effect in flowing or redistributing the fragmented solid phases back into the bulk liquid or semi-solid melts. These surviving solid fragments act as new nuclei or small size grains in the subsequent solidification process. Apparently, for many commercial metal alloy systems, such fragmented solid phases or grains that survive and circulate in the semi-solid melt may act very efficiently as embryonic or small-size grains for the subsequent solidification process, promoting very effectively the structure refinement and chemistry homogeneity of the solidified alloys. 
Conclusions
We used the specialty ultrafast synchrotron X-ray imaging facilities available at APS and DLS, and a purposely-made ultrasound solidification apparatus to study in-situ systematically the underlying physics of metal solidification under ultrasonic waves with a focus on the semisolid state. We analysed hundreds of X-ray image video sequences acquired at the carefully controlled solidification conditions with different ultrasound intensities applied. The important findings of this research are:
(i) For the first time, the chaotic implosion and dynamic oscillation of ultrasonic bubbles in liquid and semisolid state of a Bi-8%Zn alloy were revealed in situ. The bubble implosion and oscillation are governed by the ultrasound pressure amplitude. At pressure amplitude of~14.5 MPa, bubble implosion was observed to occur in one ultrasound period after nucleation and growth. While at~0.33 MPa, bubble oscillation reach a quasi-steady state that last for many thousands of ultrasonic cycles.
(ii) In the well developed ultrasound cavitation zone, chaotic bubble movement and violent bubble implosion are the dominant phenomena. The imploded bubbles and the high speed acoustic flow are very efficient in breaking up the solidifying phases and the liquid-solid interface. (iii) In the region where the ultrasonic bubbles reach a quasisteady state oscillations, the cyclic fatigue effect caused by the oscillating bubbles together with the medium acoustic flow (in the range of 0.5e0.6 m/s) are sufficient in breaking up the solidifying particles and the L-S interface. The fatigue fracture of the Zn phase due to the oscillating bubbles observed from the experiments agreed very well with the theoretical calculation.
